To investigate the effect of the level of base line cerebral blood flow (CBF) on local CBF augmenta tion by activation, we have used positron emission to mography to measure regional CBF (rCBF) in 12 normal volunteers with and without photic stimulation during hy pocapnia, normocapnia, and hypercapnia. The increase in rCBF in the primary visual cortex by photic stimulation was 10.8 ± 3.1, 18.6 ± 9.3, and 19.5 ± 6.1 ml 100 ml-I min -I in hypo-, normo-, and hypercapnia, respectively.
In hemodynamic studies of neural function, it is widely accepted that the same magnitude of neuro nal activity yields the same CBF increase. A com plex system of vasodilatation and vasoconstriction, however, has been reported, such as extracellular H +, K +, adenosine, neurotransmitters, nitric ox ide, and intrinsic factors, which would affect the global and local regulation of CBF change (Reis, 1984; Lou et aI., 1987 ). Although regional CBF (rCBF) measurement has been substituted for the estimation of neuronal activity, whether the simul taneous change in global CBF may influence local CBF increase has not been elucidated. To investi gate the relationship between the local CBF in crease induced by constant neuronal activation and the baseline CBF under physiological conditions, we used positron emission tomography (PET) to
The increase was significantly smaller in hypocapnia than in normocapnia (p < 0.005). The fractional CBF increase caused by the photic stimulation was the same in all breathing conditions. This result indicates that the mag nitude of the CBF increase induced by neuronal activity correlates proportionally with the level of baseline CBF. Key Words: Arterial partial pressure-Carbon dioxide H ypercapnia-H ypocapnia-N ormoca pnia-Photic stimulation-Positron emission tomography. measure the rCBF of the visual cortex in normal volunteers with and without photic stimulation at various levels of arterial P a co2'
MATERIALS AND METHODS
Measurements of quantitative rCBF were performed in 12 healthy normal volunteers (1 woman, 11 men) ranging from 22 to 46 years of age (mean ± SD, 38.3 ± 6.3 years). All subjects underwent Tl-weighted magnetic resonance imaging (MRI) to determine the primary visual cortex be fore the rCBF measurement. Informed consent was ob tained for the study, which was approved by the commit tee for clinical PET research of the Research Institute of Brain and Blood Vessels-Akita.
During the CBF measurement, the subject's head was immobilized with a form (Smithers Medical Products, Tallmadge, OH, U.S.A.). The radial artery, for arterial blood sampling, and the cubital vein of the opposite hand, for the injection of radiotracer, were catheterized. A lat eral skull x-ray view with a landmark was taken to adjust the baseline of the PET scan parallel to the anterior com missure/posterior commissure (AC-PC) line.
A HEADTOME IV (Shimadzu Co., Kyoto, Japan), a four-ring, 14-slice PET scanner, was used for CBF mea surement. The scanner had a center-to-center slice dis tance of 6.5 mm with z-motion and offered an effective resolution of 7 mm in full width at half-maximum (Iida et aI., 1989) . The CBF was calculated by an autoradio graphic method using a table lookup procedure over a All data represent the mean ± SO. Pac02 in control study, eyes-closed state; Pac02 with photic stimulation, flicker-on state.
90-s accumulation after the intravenous injection of HZ l5 0 (Kanno et ai., 1987) . Six trials of rCBF measurements were examined for each subject by combining two kinds of visual states, i.e., eyes closed and 8-Hz photic flicker by LED-molded gog gles, with three breathing conditions, i.e., normal breath ing (normocapnia), 7 % COz inhalation (hypercapnia), and voluntary hyperventilation (hypocapnia). The order of breathing conditions was randomized. Hyperventilation and 7 % COz inhalation started 90 s before HZ l5 0 injection and continued to the end of the scan. Photic stimulation of 8-Hz flicker was applied 30 s before the injection. The P aCoZ level was measured 1 min before HZ l5 0 injection and immediately after the end of the scan, and the two measures were averaged. Blood pressure was monitored with an arm cuff on the lower leg throughout the study.
(A)
Before the region of interest (ROn was analyzed, the bilateral calcarine sulci were identified on sagittal MRI sections. Axial MRI slices, which were obtained parallel to the AC-PC line, were used as anatomical references to locate ROIs of the primary visual cortex along the bilat eral calcarine sulci onto axial PET images in normocapnia during the flicker-on state. Each ROI was an ellipse, mea suring 1 x 2 cm. A total of two or three ROIs was selected across three or four planes of PET images. The same ROIs were automatically superimposed at the same loci for other trials. We denote the averaged rCBF of the pri mary visual cortex under control and photic stimulation conditions as vCBF control and vCBF p hotic ' respectively.
Four or five ROIs for nonvisual cortices were placed on the same axial PET planes of the primary visual cortex (3 x 4-cm ellipse). The averaged CBF of nonvisual cortices was referred to as the global CBF (gCBF) for the individ ual trial and was used as the baseline CBF for each breathing condition in the eyes closed (gCBF cont r o l) and flicker-on (gCBF ph otic ) states. To eliminate the effect of slight differences in the P aCoZ level between control and stimulation states, vCBF p hotic is corrected as follows:
vCBF p hotic = vCBF Photic / correction factor where vCBF p hotic was corrected by the rCBF of the pri mary visual cortex during photic stimulation, and correc tion factor = gCBFp hotic / gCBF control' The change in CBF in the primary visual cortex was evaluated in two ways. The absolute and fractional in creases in CBF of the primary visual cortex were given by the following equations: absolute CBF increase = vCBF p hotic -vCBF control fractional CBF increase = vCBF p hotic / vCBFc ontrol For statistical analysis, we used the paired t test to com pare the net difference and the ratio between each breath ing condition. Table 1 summarizes the averaged mean arterial pressure of O 2 and CO 2 in each CBF measurement of all subjects. Throughout the examinations, changes in arterial blood pressure were within 10 mm Hg. Figure 1 A and B show the relationships between p aco 2 and v CBF control and between P a co 2 and v C B F ph ot ic in individual subjects.
RESULTS
The correction factor for global CBF changes be tween control and stimulation conditions was 0. 95 6.3 ± 0. 07, 1. 02 ± 0. 11, and 0. 99 ± 0. 11 in hypo-, normo-, and hypercapnia, respectively. There was no significant difference in baseline CBF between control and activated conditions. vCBFcontrol and vCBFphotic in the three breathing conditions are given in Table 2 . The mean absolute increase in CBF during photic stimulation in the primary visual cortex was 10. 8 ± 3. 1, 18. 6 ± 9.3, and 19. 5 ± 6. 1 ml 100 ml-I min-I, respectively. The absolute CBF increase in hypocapnia was sig nificantly lower than that in normocapnia (p < 0. 005). On the other hand, the mean fractional CBF increase was 1. 30 ± 0. 08, 1.35 ± 0. 17, and 1. 28 ± 0. 12 in hypo-, normo-, and hypercapnia, respec tively. No significant difference in the fractional CBF increase was found among the three breathing states. Figure 2 illustrates CBF images in six PET mea surements and subracted PET images between baseline and activation studies from a representa tive subject. The lower CBF increase in hypocapnia is evident.
FIG. 2. rCBF images in six PET measurements from a representative subject. Subtracted images (right column) were obtained by subtraction between control (eyes-closed state; left column) and corrected stimulated (flicker-on state; middle column) images. Note that the increase in rCBF in the primary visual cortex is lower in hypocapnia than in normo-and hypercapnia.
DISCUSSION
The present study revealed that the absolute CBF increase induced by visual stimulation was affected by the P a co2 level, whereas the fractional CBF in crease remained the same at different baseline CBF levels. This means that the CBF increase induced by nepronal activation changes proportionally with the change in baseline CBF.
The relationship between the baseline CBF and the additional CBF change has been reported in several previous studies. Ackerman (1973) demon strated that the baseline CBF lowered by aging re sulted in a smaller vasodilator response during CO2 inhalation. Rogers et al. (1985) reported that the absolute CBF decrease during hypocapnia caused by 100% O2 inhalation correlated positively with the baseline CBF. These results were related to a con cept called "the law of initial value," which men tions the proportional relationship between the baseline CBF and the magnitude of additional CBF change (Wilder, 1953) . Maximilian et al. (1980) in vestigated the CBF response to neural activation during normocapnia and hypercapnia using the J33Xe inhalation method. The fractional CBF in creases in their study were the same in both normo and hypercapnia, which was consistent with the re sult in the present study. They concluded that two regulatory mechanisms might exist in the brain, and p a co2 and metabolic flow increases did not interact but were additive. Although the rCBF increase as a result of neuronal activation added to the hyperper fusion caused by hypercapnia, their study did not demonstrate the absolute difference in the magni tude of rCBF changes caused by neuronal activa tion between hypo-and normocapnia. Our study, employing photic stimulation, demonstrated that the absolute CBF increase in hypocapnia was lower than those in normo-and hypercapnia.
A lower CBF response to neural stimuli with a decreased baseline CBF has been found in some morbid states of the brain by several workers. Olsen (1981) and Lauritzen et al. (1983) observed a lack of CBF increase by neuronal stimulation after reduc tion of the global CBF in patients with migraine attacks. They deduced that vessels that had already received vasoconstrictory stimulus might respond less to a second stimulus. Although the vasocon-J Cereb Blood Flow Metab, Vol. 15, No.1, 1995 striction induced by migraine attacks is not a nor mal physiological condition, their observation is similar to that with photic activation in hypocapnia in the present study.
In conclusion, the CBF increase due to neuronal activation is not constant but might be directly pro portional to the baseline CBF. When estimation of the absolute CBF change is needed in activation studies, the present results should be taken into ac count.
